Chronic brain hypoperfusion causes early glial activation and neuronal death, and subsequent long-term memory impairment  by Cechetti, Fernanda et al.
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a  b  s  t  r  a  c  t
Reduction  of  cerebral  blood  ﬂow  is  an  important  risk  factor  for dementia  states  and  other  brain  dys-
functions.  In present  study,  the  effects  of  permanent  occlusion  of common  carotid  arteries  (2VO),  a  well
established  experimental  model  of brain  ischemia,  on  memory  function  were  investigated,  as  assessed
by reference  and  working  spatial  memory  protocols  and  the  object  recognition  task;  cell  damage  to the
hippocampus,  as  measured  through  changes  in immunoreactivity  for  GFAP  and  the neuronal  marker
NeuN  was  also studied.  The  working  hypothesis  is that  metabolic  impairment  following  hypoperfusion
will  affect  neuron  and  glial  function  and  result  in  functional  damage.  Adult  male  Wistar  rats  were  sub-
mitted  to  the  modiﬁed  2VO  method,  with  the  right  common  carotid  artery  being  occluded  ﬁrst  and  the
left one  week  later,  and  tested  seven  days,  three  and  six  months  after  the  ischemic  event. A signiﬁcantippocampus
lia
euron
cognitive  deﬁcit  was  found  in  both  reference  and  working  spatial  memory,  as well  as in the  object  recog-
nition task,  three  and  six months  after surgery.  Neuronal  death  and  reactive  astrogliosis  were  already
present  at 7  days  and  continued  for up  to  3  months  after  the  occlusion;  interestingly,  there  was  no  sig-
niﬁcant  reduction  in  hippocampal  volume.  Present  data  suggests  that cognitive  impairment  caused  by
brain  hypoperfusion  is  long  –  lasting  and  persists  beyond  the  time  point  of recovery  from  glial activation
and  neuronal  loss.
. Introduction
Chronic cerebral hypoperfusion is thought to be an important
ause of dementia in patients with cerebrovascular disease [1],
ince there is a correlation between the severity of memory dys-
unction and the decline in cerebral blood ﬂow (CBF) in Alzheimer′s
isease, vascular dementia and post-stroke hypoperfusion [2,3].
Animal models have been developed to study conditions and
onsequences of chronic reduction in CBF that may  occur in humans
1,4,5].  The permanent bilateral occlusion of both common carotid
rteries in rats (2-vessel occlusion, 2VO) has been widely used [5];  it
auses an abrupt reduction of whole CBF to approximately 35–45%
n cortical areas, and to 60% of control levels in the hippocampus
2,6–8].
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Progressive cognitive impairment has been reported after 2VO
[4–6,9,10] and these behavioral changes are associated with
delayed onset of the CA1 cell loss, which is also often observed in
human ageing and dementia states [5] including gliosis, cholinergic
dysfunction and apoptosis of pyramidal neurons [11]. Considering
that high mortality rates, of as much as 50%, for rats undergoing con-
ventional 2VO have been reported [12–14],  we  have recently tested
an alternative protocol in which arterial occlusion was  done with
an interval of one week between occlusion of right and left com-
mon  carotids. It was  shown that this alternative method produced
similar cognitive impairment with much better survival rates [15].
Astrocytes are in close morphological and functional relation
with neurons and their participation in pathophysiology of several
brain disorders is strongly suggested (e.g. [16]). Glial activation in
response to injury commonly involves changes in glial ﬁbrillary
acidic protein (GFAP) and S100 calcium binding protein B (S100B)
Open access under the Elsevier OA license.contents, as well as in glutamate levels and metabolism [17]. GFAP
is a speciﬁc astrocytic marker; currently, the tissue GFAP increase
is taken as an index of astrogliosis associated with brain injury
conditions [18,19].
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Although cognitive deﬁcits have frequently been reported in
hort-term studies of animal models of dementia [20,21], an impor-
ant question is whether long-lasting and/or progressive deﬁcits
re also seen in these animal models [4,9,11] and whether these
hanges are accompanied by cell damage to the hippocampus, as
ound in dementia states in humans. An increasing number of stud-
es have demonstrated that 2VO rats display longer escape latencies
n the Morris water maze 10 [17] and 12 weeks [2] after surgery.
o, the aim of the present study is to investigate whether rats
uffering cerebral hypoperfusion induced by the alternative 2VO
rotocol will show cognitive impairment for as long as six months
fter surgery, and if hippocampal tissue damage, as assessed by
mmunoreactivity to GFAP and the neuronal marker NeuN, will
ppear. The working hypothesis is that chronic cerebral hypop-
rfusion causes long-term cognitive impairment associated with
euronal damage and astroglial activation in the hippocampus.
. Experimental Procedures
.1. Animals
Male Wistar rats, aged 3 months, were obtained from the Central Animal House
f  the Institute of Basic Health Sciences of the Universidade Federal do Rio Grande
o  Sul. They were maintained in a temperature-controlled room (21 ± 2 ◦C), on a
2/12 h light/dark cycle, with food and water available ad libitum. All procedures
ere in accordance with the Guide for the Care and Use of Laboratory Animals
dopted by National Institute of Health (NIH-USA) and with the Federation of Brazil-
an  Societies for Experimental Biology (FESBE), and were approved by the Committee
f  Ethics on Research of the University.
.2. Modiﬁed two-vessel occlusion protocol, 2VO, and experimental design
Rats were anesthetized for surgery with halothane; a neck ventral midline inci-
ion was made and the common carotid arteries were then exposed and gently
eparated from the vagus nerve. The right common carotid artery was  ﬁrst occluded
nd the wound was  sutured; one week later a new incision was made and the left
arotid was  occluded [22,15]. After the procedure, rats were put on a heating pad
o  maintain body temperature at 37.5 ± 0.5 ◦C and kept on it until recovery from
nesthesia [23,15]. Sham-operated controls received the same surgical procedures
ithout carotid artery ligation; during the interval between the occlusion of right
nd left carotid arteries animals were maintained in their standard home boxes. Rats
ere randomly assigned to sham or 2VO procedures so as to avoid any litter effect.
Experimental groups were as follows: (1) 2VO + 7 days of survival (n = 10); (2)
VO + 3 months of survival (six months of age, n = 13); (3) 2VO + 6 months of survival
nine months of age, n = 14); (4) sham + 7 days after procedure (n = 10); (5) sham with
ix  months of age (n = 11); (6) sham with nine months of age (n = 8). A time line of
xperimental events is presented in Fig. 1.
.3. Morris water maze
Seven days, three or six months after the 2VO surgery rats were submitted to
ehavioral testing for spatial memory in the Morris water maze. The maze consisted
f  a black circular pool, 200 cm in diameter ﬁlled with water (temperature around
3 ◦C, depth 40 cm)  situated in a room with visual cues on the walls. A black plat-
orm, 10 cm in diameter was submerged 2 cm below the water surface. The pool was
onceptually divided into four quadrants and had four points designated as starting
ositions (N, S, W or E) [24]. Two behavioral protocols, for reference and working
emory, were run [25,26].
.3.1. Reference memory Task
In  this task rats received ﬁve training sessions (one session/day) and a probe trial
n  the 6th day. Each session consisted of four trials with a 15 min  inter-trial interval. A
rial  began when the rat was placed in the water at one of the four starting positions,
hosen at random, facing the wall; the order of starting positions varied in every trial
nd any given sequence was  not repeated on acquisition phase days. The rat was
iven 60 s to locate the platform; if the animal did not succeed it was gently guided
o  the platform and left on it for 10 s. Rats were dried and returned to their home
ages after each trial. The latency to ﬁnd the platform was  measured in each trial
nd  the mean latency for every training day was calculated. The probe consisted of
 single 60 s trial, as described before, with the platform removed. Here, the latency
o reach the original platform position, the number of crossings over that place and
he time spent in the target, as well as in the opposite quadrants, were measured
25,26].  Sessions were recorded by a video acquisition system. Videotapes were
cored blind by a trained observer using dedicated software (ANY-maze®). Videos
ere subsequently placed in a randomized order in a separate ANY-maze protocol
or a trained observer to score, who was blind to the experimental condition, using
 keyboard base.ulletin 87 (2012) 109– 116
2.3.2. Working memory Task
This protocol consisted of four trials/day, during four consecutive days, with the
platform location changed daily. This task was performed approximately 10 days
after the probe trial. Each trial was conducted as described in the reference memory
protocol, with a 5 min  inter-trial interval. Latency to ﬁnd the platform was measured
in  each trial and the mean latency for every trial, over the four days, was calculated,
allowing for the observation of the ability of animals to locate position on each day
[25,26].
2.4. Object Recognition Task
The object recognition task was performed according to the protocol recently
reviewed [27] and was applied seven days, three or six months after surgery. The
apparatus consisted of a glass box (60 × 45 × 30 cm) where two  similar objects (in
shape, texture and size) were positioned equidistant from the sidewalls. Brieﬂy,
each rat was  submitted to a habituation period for ten minutes 24 h before the
training. After each trial, the apparatus was  cleaned to reduce olfactory cues. In the
second trial, test sessions were run 90 min (short term memory) and 24 h (long term
memory) after training, where one of the objects was substituted by a new one. An
experimenter registered the time of object exploration, i.e. touching it with paws or
exploring it by olfaction with direct contact of the snout [28]. A recognition object
index was calculated by the following ratios: time spent exploring the novel object
(TN) by the time spent exploring the familiar (TF) and the novel object in the test
session (index = TN/TN + TF). Rodents usually spent less time exploring the familiar
object in the test session, which implies that they recognized the object previously
presented [29,30].
2.5. Open Field
The task was run in a wooden box measuring 60 ×40 × 50 cm, with a frontal
glass wall, and whose ﬂoor was divided by white lines into 12 equal squares. Ani-
mals were placed facing the rear left corner of the arena and observed for 3 min.
The  number of squares crossed with the four paws from one square to another
and  the number of rearings were indicative of motor activity [31,32]. After each
trial,  the apparatus was cleaned with an ethanol solution (20%). Rats were tested
seven days, three and six months after surgery to test. All animals were tested only
once.
2.6.  Morphological Analysis
Morphological analysis was performed after the last behavioral test for all
experimental groups. Rats were deeply anesthetized with chloral hydrate (30%,
10 ml/kg, i.p.) and submitted to transcardiac perfusion with 0.9% saline followed
by  4% formaldehyde; their brains were then removed and maintained in formalde-
hyde solution. For both types of morphological analysis, estimation of hippocampus
volume and immunohistochemical analysis, brains were cryoprotected with a 30%
sucrose solution for two  days and then sectioned; coronal 50 m thickness sections
were obtained using a cryostat (Leica).
The volume of hippocampus was estimated by the use of the Cavalieri method
[33,34].  Brieﬂy, 50 m sections covering the whole hippocampus were mounted
on  gelatinized glass slides and stained with hematoxylin and eosin; the Image J
program (NIH, USA) was utilized to delineate and estimate the hippocampus and
dentate gyrus area [35]. The volume of hippocampus was calculated by the sum of
areas multiplied by the section interval. The Ammon’s horn volume was  calculated
as  the difference between the entire hippocampus and dentate gyrus volumes [34].
Analysis was performed seven days, three and six months after surgery.
For  the immunohistochemical investigation, coronal sections from 5 to 6 rats per
group were stained for the astrocytic marker rabbit anti-glial ﬁbrillary acidic protein
(GFAP, 1:250, Sigma-Aldrich) and for the neuronal marker mouse anti-neuronal-
speciﬁc nuclear protein (NeuN, 1:250, Chemicon). Secondary antibodies were goat
anti-rabbit IgG Alexa 488 (1:500, Molecular Probes) and goat anti-mouse IgG Alexa
555 (1:500, Molecular Probes). Brieﬂy, sections were ﬁxed in 4% PFA, washed in
PBS  and blocked for 30 min with 3% normal goat serum (Sigma-Aldrich) in PBS
with  0.3% Triton-X (PBS-Tx) at room temperature. Then, sections were incubated
overnight with primary antibody at 4 ◦C with PBS-Tx with 3% NGS. In the next day
sections were washed in PBS and incubated with secondary ﬂuorescence antibody
for  2 h at room temperature in a dark chamber, washed in PBS, mounted and cover
slipped with antifading mounting medium PVA-DABCO (Fluka Analytical). A laser
scanning confocal microscope (Olympus FV1000) was used to visualize the ﬂuo-
rescent dyes (excitation wavelengths of 488 and 555 nm) in two randomized areas
(40 ×magniﬁcations) within the CA1 subﬁeld of hippocampus.
Primary antibodies were omitted in negative controls for immunoﬂuorescence
stains. The samples were processed at the same time and incubated within the same
medium during the same period. All conditions and magniﬁcations were kept con-
stant during the capture process. ImageJ 1.14u software was  used to measure the
intensities of the ﬂuorescent signals in areas labeled for NeuN and GFAP after back-
ground correction. Each analysis was performed using 4 ﬁelds obtained from both
hemispheres of 4 coronal sections (2835.4 m2–total area analyzed per section).
The observer was blind to animals’ experimental condition during image analysis.
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mentioning that spatial navigation deﬁcits in 2VO rats were not
likely biased by any motor deﬁcit, since means of swimming speed
were 26 cm/s for sham-control animals and 24.5 cm/s for ischemic
rats.
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Fig. 1. Time line of experimental procedures; (A
.7.  Statistical analysis
Behavioral performance in reference memory was analyzed using a one-way
epeated-measures analysis of variance (ANOVA) with lesion as independent vari-
ble  and session as the repeated measure. Variables of the working memory in
he Morris Water Maze and volumes of hippocampus were analyzed by one-way
NOVA, followed by post-hoc Duncan′s test for multiple comparisons, when nec-
ssary. Statistical analysis for object recognition task, morphological analysis and
munohistochemistry measurements were performed by Student t-test (unpaired)
nd  One-Way ANOVA followed by Newman-Keuls Multiple Comparisons test.
Data are expressed as means ± SEM. Probability values less than 5% (p < .05)
ere considered signiﬁcant. Statistical analysis was performed using the Statistica®
oftware package running on a compatible personal computer.
. Results
.1. Behavioral Analysis
Ischemic animals surviving 3 and 6 months after 2VO showed
mpairment of reference memory performance (Fig. 2), as com-
ared to controls (One-Way ANOVA for repeated measures, 3
onths after surgery: F(1,22) = 29.97, p < .00001; 6 months after
urgery: F(1, 20) = 16.045, p < .00001). Post-hoc tests indicated that
oth ischemic groups had signiﬁcantly greater latencies to reach
he platform position, made less crossings and spent less time in the
arget quadrant, as compared to controls in the probe trial (p < .05,
able 1). Ischemic rats tested seven days after surgery, no cognitive
mpairment in this task.
Performance on the working memory task followed the same
attern of result (Fig. 3); one-way ANOVA revealed signiﬁcant dif-
erences in escape latency of ischemic animals 3 months after
urgery on the 2nd (F(1,22) = 6.68, p < .005), 3rd (F(1,22) = 32.64,
 < .001) and 4th trials (F(1,22) = 58.87, p = .0001), as compared to
ontrols. The same was displayed 6 months after surgery on the
nd (F(1,20) = 53.46, p < .00001), 3rd (F(1,20) = 41.84, p < .00001)
nd 4th trials (F(1,20) = 233.16, p < .00001). Again, rats tested 7 days
fter surgery had no impairment (p > 05 for all trials). It is worth
able 1
robe trial of the reference memory task in the Water Maze. Number of platform
rossings, latency to ﬁnd the platform position (s) and the spent time in target and
pposite quadrant (s). Data are expressed as means ± S.E.M. *Different from sham
nd ischemic group (ANOVA followed by Duncan′s test, p < .05).
Crossings Latency Target
Quadrant
Opposite
Quadrant
Sham + 7 days 1.5 ± .2 12.4 ± 3.6 19.6 ± 1.6 11.1 ± 1.1
2VO + 7 days 1.4 ± .3 13.5 ± 3.2 19.3 ± 1.4 13.3 ± 1.9
Sham + 3 months 1.4 ± .4 14.6 ± 4.2 19.5 ± 3 9.3 ± 2.1
2VO + 3 months 0.3 ± .07* 50 ± 4* 9.3 ± 1.6* 14.1 ± 1.7
Sham + 6 months 1.6 ± .3 5.3 ± 3.4 16.7 ± 1.7 8.4 ± 1.8
2VO + 6 months 0.1 ± .09* 19 ± 4.8* 9 ± 1.2* 14.6 ± 2.2 19  21  23  24   25 
 surgery, (B) Behavioral study and morphology.C Reference Memory
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Fig. 2. Reference memory task performance in the water maze seven days (A),
three months (B) and six months (C) after 2VO surgery. Each line represents
mean ± standard error (SEM). *Different from sham group (repeated measures
ANOVA, p < .05).
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Fig. 4. The novel object recognition index obtained seven days (A), three months
(B) and six months (C) after 2VO surgery. Results are means ± SEM of recognition
index calculated by the ratio: index = (TN/TN + TF), where TN = time spent exploring
novel object at each inter-trial interval; TF = time spent exploring the familiar objecthree months (B) and six months (C) after 2VO surgery. Each line represents
ean ± standard error of the mean (SEM). *Different from sham group (ANOVA
ollowed by Duncan’s test, p < .05).
The effects of 2VO surgery on recognition memory were ana-
yzed in the object recognition task (Fig. 4). During training, controls
nd ischemic animals showed no signiﬁcant difference in total
xploration time of objects (p > .05). Seven days after surgery,
oth short and long-term memory was not affected in control
nd ischemic groups (Fig. 4A). Thus, control and ischemic groups
pent more time in the novel than familiar object (F(5,28) = 4.447,
 < .005) 90 minutes and 24 hours after the training session. How-
ver, both short and long-term memory were affected in 3 months
Fig. 4B) (F(5,31) = 3.851, p < .01) and 6 months (Fig. 4C) after surgery
F(5,37) = 7.462, p < .0001), indicating that chronic hypoperfusion
mpairs recognition memory in rats.
Comparable swimming speeds of control and ischemic rats sug-
ested that permanent bilateral occlusion of the common carotid
rteries did not impair motor performance. This was  conﬁrmed
y similar numbers of crossings and rearings during three minute
essions in the open ﬁeld (data nor presented)..2. Hippocampal Volume
Conﬁrming previous results ([15]; Pereira et al., 2007), bilat-
ral common carotid artery occlusion caused no major loss ofat  each inter-trial interval. *Different from training session within groups (ANOVA
followed by Newman Keuls test, p < .05).
hippocampus tissue, as revealed by total hippocampus and
Ammon’s horn estimated volumes (Table 2).
3.3. Immunohistochemistry
Representative photomicrographs of GFAP and NeuN
immunoﬂuorescence of CA1 subﬁeld of hippocampus are
shown in Figs. 5 and 6. Rats sacriﬁced 7 days after 2VO
had a signiﬁcant increase of GFAP, with decreased NeuN
immunocontent, when compared with respective controls
(p < .005).
A signiﬁcant decrease in CA1 NeuN content was observed
three months after the beginning of cerebral hypoperfusion,
as compared to ﬂuorescent signals from control rats (p < .05);
however no signiﬁcant effects on GFAP and NeuN immunoﬂu-
orescence were observed six months after surgery, as show in
Table 3.
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Fig. 5. Representative images showing the intensity of ﬂuorescent signals in areas labeled for GFAP in the CA1 hippocampus from control animals (A), animals submitted to
chronic cerebral hypoperfusion 7 days (B), but not three months (C) and six months (D), after 2VO. Note the signiﬁcant increase of GFAP in rats sacriﬁced 7 days after 2VO.
Scale  bar: 100 m.
Fig. 6. Representative images showing the intensity of ﬂuorescent signals in areas labeled for NeuN in the CA1 hippocampus from control animals (A), animals submitted
to  chronic cerebral hypoperfusion 7 days (B), three months (C) and six months after surgery (D). Chronic cerebral hypoperfusion decreased the NeuN immunocontent seven
days  and three months after surgery (p < .005). Scale bar: 100 m.
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Table 2
Measurement of Hippocampus and Ammon’s Horn volume after 2VO surgery (A).
Each value represents mean ± S.E.M. No signiﬁcant differences between groups were
detected (ANOVA). (B) Representative photomicrographs of sham (a) and 2VO (b)
rat brain. Scale bar: 500 m.
Group Hippocampal
volume (mm3)
Ammon’s Horn
volume (mm3)
(A)
Sham + 7 days 41 ± 1.1 27 ± 0.9
2VO + 7 days 39 ± 1 26 ± 0.7
Sham + 3 months 41 ± 0.8 27 ± 0.6
2VO + 3 months 40 ± 1 26 ± 0.6
Sham + 6 months 41 ± 1.2 27 ± 0.8
2VO + 6 months 40 ± 1 26 ± 0.8
(B)
Table 3
Intensity of GFAP and NeuN ﬂuorescent signaling in the CA1 subﬁeld of hippocampus
from rats submitted to chronic cerebral hypoperfusion, revealed seven days, three
and  six months after surgery. Data expressed as percentage of the control group
(mean ± S.E.M). *Difference between both ischemic and respective control groups
(Student′s t-test, p < .05).
Groups GFAP NeuN
2VO + 7 days 150 ± 16* 81 ± 9.5*
2VO + 3 months 93 ± 16 74 ± 15*
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neurogenesis; thus, neurogenesis and angiogenesis might be2VO + 6 months 97 ± 21 101 ± 21
. Discussion
The permanent bilateral occlusion of common carotid arteries
2VO) is a well established rodent model to investigate the effects
f chronic cerebral hypoperfusion on cognitive dysfunction and
eurodegenerative processes. Progressive cognitive impairment,
euronal loss, cholinergic dysfunction and astrogliosis in the hip-
ocampus have been associated with the 2VO hypoperfusion [36].
esults here presented show consistent memory impairment three
nd six months, but not 7 days, after 2VO, as assessed by water maze
nd object recognition tasks. Although morphometry did not show
ny major loss of hippocampus tissue in ischemic animals, imuno-
istochemistry revealed GFAP and NeuN changes in the pyramidal
ayer of hippocampus in the earlier periods, but not 6 months after
he event.
Chronic hypoperfusion produced by 2VO affects cognitive func-
ion studied in a hippocampus-dependent spatial task, the water
aze, both three and six months after surgery (Figs. 2 and 3). Pre-
ious studies have reported that 2VO provokes short and long term
emory impairments using passive avoidance, Y-maze, eight-arm
adial maze tasks [37] and Morris Water Maze task [38,9,4]. Inter-
stingly, it was also shown that spatial memory gradually worsened
s the survival times extended from 4 up to 20 weeks after vessel
igation [20]. It is important to emphasize that locomotor activity
n 2VO animals is intact in this model, as demonstrated by open
eld performance and corroborated by other authors [39]. We are
hen allowed to suggest that functional consequences of neurode-
eneration appear as the chronic phase of 2VO-induced cerebral
ypoperfusion takes place.ulletin 87 (2012) 109– 116
A  point to consider is whether learning ability can return to
normal levels on the cessation of carotid occlusion by the compen-
satory or adaptive mechanisms, such as artery dilation, recruitment
of nonperfused capillaries and angiogenesis [40,41], occurring in
the chronic phase of ischemic event, i.e. up to 3 months post-
surgery [5].  Our results suggest that the cognitive deﬁcit remains
after six months (24 weeks) of surgery, corroborating previous
studies [42,9].
Recognition memory confers the ability to discriminate between
novel and familiar entities, and lesion experiments with rodents
and non-human primates indicate that functional integrity of the
temporal lobe, specially the hippocampus, is essential for encoding,
storage and expression of this type of memory [43,44]. Although
it has been described that object recognition is impaired in the
acute model of permanent bilateral carotids occlusion [22], we here
reported cognitive impairment that remains through the chronic
phase, six months, of hypoperfusion (Fig. 4). This adds good sup-
port to the concept that the chronic phase of 2VO plays a major role
in the gradual deterioration of learning ability.
In this paper, morphometric analysis revealed an overall normal
architecture in the hippocampus of 2VO rats (Table 2). Histologi-
cal outcome after 2VO studies is conﬂicting. Some authors found a
direct correlation between cerebral hypoperfusion-induced mem-
ory deﬁcit and neuronal atrophy [9,42,45] or an association of
impaired learning performance 3 weeks after the procedure with
a signiﬁcant pyramidal cell loss in the CA1 region [46]. However,
other studies did not ﬁnd progressive tissue damage in younger
rats with chronic occlusions [47,48,14] and Murakami et al. [49]
reported that mice with chronic cerebral hypoperfusion exhibit
learning impairments in a water maze task without marked his-
tological alterations in the hippocampus.
Our results clearly demonstrate that some neuronal damage
and reactive astrogliosis happens in the acute phase and continue
for approximately 3 months after the occlusion (Figs. 5 and 6).
GFAP is commonly used as a marker for changes in astroglial cells
during brain development and injury [18]. In fact, central ner-
vous system injury occurring as a consequence of trauma, disease,
genetic disorders, or chemical insult, causes astrocytes to become
reactive, a condition characterized by an increase in GFAP [50].
Besides the increased presence of microglia in 2VO brains, we
have observed that overt microglial activation in the hippocam-
pal CA1 subﬁeld clearly coincides with pyramidal cell death in
some animals (∼15–20%) after survival for 2 weeks [21], corrob-
orating our data. However, this cell damage does not coincide with
the cognitive impairment that occurs in the chronic phase of this
model [5].
We  also demonstrate a reduced number of NeuN-
immunoreactive cells at 7 days and 3 months; whereas 6
months after 2VO the values have returned to normal level.
Our results suggest the occurrence of dynamic, microvascular
remodeling following the changes in CBF and the number of
NeuN-immunoreactive cells could be due to angiogenesis followed
by hippocampal neurogenesis. Compensatory blood ﬂow may be
provided through artery dilation, the recruitment of nonperfused
capillaries, angiogenesis and biochemical regulation of the CBF,
as well as an enhanced immunocytochemical signal for vascular
endothelial growth factor in hippocampus after 4 weeks of 2VO
surgery [5].  Between 8 weeks and 3 months, either only a slight
reduction or virtually no reduction has been reported [2,6]. Finally,
after 6 months of 2VO, the CBF was  indistinguishable from the
control [40]. Additionally, the generation of new blood vessels
facilitates highly coupled neurorestorative processes includingmechanistically linked [51] and may  explain our results.
A possible explanation for the failure of increased neuronal
density at 6 months to improve performance in the water maze
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trates [5] affects dendritic arborizations and synaptic contacts,
ecreasing a cytoskeletal phosphoprotein associated with den-
ritic microtubules (MAP-2) signals and synaptophysin protein,
hich correlated strongly with the loss of cognitive function
20,52,53].
Concluding, it was here reported that 2VO chronic cerebral
ypoperfusion causes long lasting cognitive deﬁcits, as assessed
y spatial and object recognition tasks for up to six months after
he event. Although no major tissue loss was evident, immunohis-
ochemistry revealed acute reactive astrogliosis and neuronal loss
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he cellular substrate of long-term cognitive impairment following
ypoperfusion.
eferences
[1] J.C. De la Torre, Impaired brain microcirculation may  trigger Alzheimer’s dis-
ease, Neurosci. Biobehav. Rev. 18 (1994) 397–401.
[2] H. Ohta, H. Nishikawa, H. Kimura, H. Anayama, M.  Miyamoto, Chronic
cerebral hypoperfusion by permanent internal carotid ligation produces
learning impairment without brain damage in rats, Neurosc. 79 (1997)
1039–1050.
[3] A. Komatani, K. Yamaguchi, Y. Sugai, T. Takanashi, M. Kera, M. Shinohara, S.
Kawakatsu, Assessment of demented patients by dynamic SPECT of inhaled
xenon-133, J. Nucl. Med. 29 (1988) 1621–1626.
[4] J.W. Ni, H. Ohta, K. Matsumoto, H. Watanabe, Progressive cognitive impairment
following chronic cerebral hypoperfusion induced by permanent occlusion of
bilateral carotid arteries in rats, Brain Res. 653 (1994) 231–236.
[5] E. Farkas, P.G.M. Luiten, F. Baric, Permanent, bilateral common carotid artery
occlusion in the rat: A model for chronic cerebral hypoperfusion-related neu-
rodegenerative diseases, Brain Res. Reviews 54 (2007) 162–180.
[6]  T. Otori, T. Katsumata, H. Muramatsu, F. Kashiwagi, Y. Katayama, A. Terashi,
Long-term measurements of cerebral blood ﬂow and metabolism in a
rat  chronic hypoperfusion model, Clin. Exp. Pharmacol. Physiol. 30 (2003)
266–272.
[7] M.  Tsuchiya, K. Sako, S. Yura, Y. Yonemasu, Cerebral blood ﬂow and histopatho-
logical changes following permanent bilateral carotid artery ligation in Wistar
rats, Exp. Brain Res. 89 (1992) 87–92.
[8] P.T. Ulrich, S. Kroppenstedt, A. Heimann, O. Kempski, Laser-Doppler scanning of
local cerebral blood ﬂow and reserve capacity and testing of motor and mem-
ory  functions in a chronic 2-vessel occlusion model in rats, Stroke 29 (1998)
2412–2420.
[9] B.A. Pappas, J.C. De la Torre, C.M. Davidson, M.T. Keyes, T. Fortin, Chronic reduc-
tion of cerebral blood ﬂow in the adult rat: late-emerging CA1 cell loss and
memory dysfunction, Brain Res. 708 (1996) 50–58.
10] C. Sarti, L. Pantoni, L. Bartolini, D. Inzitari, Cognitive impairment and chronic
cerebral hypoperfusion: what can be learned from experimental models, J.
Neurol. Sci. 204 (2002) 263–266.
11] S.A. Bennett, M.  Tenniswood, J.H. Chen, C.M. Davidson, M.T. Keyes, T. Fortin,
B.A. Pappas, Chronic cerebral hypoperfusion elicits neuronal apoptosis and
behavioral impairment, Neuroreport 9 (1998) 161–166.
12] E. Farkas, G. Donka, R.A.I. de Vos, A. Mihaly, F. Bari, P.G.M. Luiten, Experimental
cerebral hypoperfusion induces white matter injury and microglial activation
in  the rat brain, Acta Neuropathol. 108 (2004) 57–64.
13] E. Farkas, N.M. Timmer, F. Domoki, A. Mihály, P.G. Luiten, F. Bari, Ischemic
administration of diazoxide attenuates long-term microglial activation in the
rat  brain after permanent carotid artery occlusion, Neurosci. Lett. 387 (2005)
168–172.
14] A. Institoris, E. Farkas, S. Berczi, Z. Sule, F. Bari, Effects of cyclooxygenase (COX)
inhibition on memory impairment and hippocampal damage in the early period
of  cerebral hypoperfusion in rats, Eur. J. Pharmacol. 574 (2007) 29–38.
15] F. Cechetti, P.V. Worm,  L.O. Pereira, I.R. Siqueira, C.A. Netto, The modiﬁed
2VO ischemia protocol causes similar cognitive impairment with better sur-
vival rate, as compared to standard method, Braz. J. Med. Biol. Res. 43 (2010)
1178–1183.
16] N.J. Maragakis, J.D. Rothstein, Glutamate transporters: animal models to neu-
rologic disease, Neurobiol. Dis. 15 (2004) 461–473.
17] E. Vicente, D. Degerone, L. Bohn, F. Scornavaca, A. Pimentel, M.C. Leite, A.
Swarowsky, L. Rodrigues, P. Nardin, L.M.V. Almeida, C. Gottfried, D.O. Souza,
C.A. Netto, C.A. Gonc¸ alves, Astroglial and cognitive effects of chronic cerebral
hypoperfusion in the rat, Brain Res. 1251 (2009) 204–212.
18] L.F. Eng, R.S. Ghirnikar, Y.L. Lee, Glial ﬁbrillary acidic protein: GFAP—thirty-one
years (1969-2000), Neurochem. Res. 25 (2000) 1439–1451.
19] E. Vicente, M.  Bôer, M.  Leite, M.  Silva, F. Tramontina, L. Porciúncula, C. Dal-
maz, C.A. Gonc¸ alves, Cerebrospinal ﬂuid S100B increases reversibly in neonates
of  methyl mercury-intoxicated pregnant rats, Neurotoxicology 25 (2004)
771–777.
[
[ulletin 87 (2012) 109– 116 115
20] H.X. Liu, J.J. Zhang, P. Zheng, Y. Zhang, Altered expression of MAP-2, GAP-43, and
synaptophysin in the hippocampus of rats with chronic cerebral hypoperfusion
correlates with cognitive impairment, Brain Res. Mol. Brain Res. 139 (2005)
169–177.
21] E. Farkas, A. Institóris, F. Domoki, A. Mihály, F. Bari, The effect of pre- and post-
treatment with diazoxide on the early phase of chronic cerebral hypoperfusion
in the rat, Brain Res. 1087 (2004) 168–174.
22] C. Sarti, L. Pantoni, L. Bartolini, D. Inzitari, Persistent impairment of gait perfor-
mances and working memory after bilateral common carotid artery occlusion
in  the adult Wistar rat, Behav. Brain Res. 136 (2002) 13–20.
23] D. Lavinsky, N.S. Arterni, M.  Achaval, C.A. Netto, Chronic bilateral common
carotid artery occlusion: a model for ocular ischemic syndrome in the rat,
Graefe Arch. Clin. Exp. Ophthalmol. 244 (2006) 199–204.
24] R. Morris, Developments of a water-maze procedure for studying spatial learn-
ing in the rat, J. Neurosci. Methods 11 (1984) 47–60.
25] C.A. Netto, H. Hodges, J.D. Sinden, E. Le Peillet, T. Kershaw, P. Sowinski, et al.,
Effects of fetal hippocampal grafts on ischaemic-induced deﬁcits in spatial
navigation in the water maze, Neurosc. 54 (1993) 69–92.
26] L.O. Pereira, A.C. Strapasson, P.M. Nabinger, M. Achaval, C.A. Netto, Early
enriched housing results in partial recovery of memory deﬁcits in female,
but  not in male, rats after neonatal hypoxia–ischemia, Brain Res. 1218 (2007)
257–266.
27] R.A. Bevins, J. Besheer, Object recognition in rats and mice: a one-trial non-
matching-to-sample learning task to study ‘recognition memory’, Nature
Protocols 1 (2006) 1306–1311.
28] H. Plamondon, A. Morin, C. Charron, Chronic 17beta-estradiol pretreatment
and  ischemia-induced hippocampal degeneration and memory impairments:
a  6-month survival study, Horm. Behav. 50 (2006) 361–369.
29] P.H. Botton, M.S. Costa, A.P. Ardais, S. Mioranzza, D.O. Souza, J.B. da Rocha,
L.O.  Porciúncula, Caffeine prevents disruption of memory consolidation in the
inhibitory avoidance and novel object recognition tasks by scopolamine in adult
mice, Behav. Brain Res. 214 (2010) 254–259.
30] M.S. Costa, P.H. Botton, S. Mioranzza, A.P. Ardais, J.D. Moreira, D.O. Souza,
L.O.  Porciúncula, Caffeine improves adult mice performance in the object
recognition task and increases BDNF and TrkB independent of phospho-CREB
immunocontent in the hippocampus, Neurochem. Int. 53 (2008) 89–94.
31] C.A. Netto, R.D. Dias, I. Izquierdo, Differential effect of posttraining naloxone,
beta-endorphin, leu-enkephalin and electroconvulsive shock administration
upon memory of an open-ﬁeld habituation and of a water-ﬁnding task, Psy-
choneuroendocrinology 11 (1986) 437–446.
32] D. Lavinsky, N.S. Arteni, C.A. Netto, Agmatine induces anxiolysis in the elevated
plus maze task in adult rats, Behav. Brain Res. 141 (2003) 19–24.
33] T. Miki, I. Satriotomo, H. Li, Y. Matsumoto, H. Gu, T. Yokoyama, et al., Application
of  the physical disector to the central nervous system: estimation of the total
number of neurons in subdivisions of the rat hippocampus, Anatomical Sci. Int.
80 (2005) 153–162.
34] A.L. Rodrigues, N.S. Harten, C. Abel, D. Zylbersztejn, R. Chazan, G. Viola, et al.,
Tactile stimulation and maternal separation prevent hippocampal damage in
rats submitted to neonatal hypoxiaischemia, Brain Res. 1002 (2004) 94–99.
35] L.O. Pereira, N.S. Arteni, R.C. Petersen, A.P. da Rocha, M. Achaval, C.A. Netto,
Effects of daily environmental enrichment on memory deﬁcits and brain injury
following neonatal hypoxia–ischemia in the rat, Neurobiol. Learn. Mem. 87
(2007) 101–108.
36] R. Schmidt-Karsten, C. Aguirre-Chen, I. Saul, L. Yick, D. Hamasaki, R. Busto, M.D.
Ginsberg, Astrocytes react to oligemia in the forebrain induced by chronic
bilateral common carotid artery occlusion in rats, Brain Res. 1052 (2005)
28–39.
37] Q. Zhao, Y. Murakami, M.  Tohda, H. Watanabe, K. Matsumoto, Preventive effect
of  chotosan, a Kampo medicine, on transient ischemia-induced learning deﬁcit
is  mediated by stimulation of muscarinic M1 but not nicotinic receptor, Biol.
Pharm. Bull. 28 (2005) 1873–1878.
38] D.H. Kim, S. Jin Jeon, S.H. Son, J.W. Jung, S. Lee, B. Hoon Yoon, J.W. Choi, J.H.
Cheong, K.H. Ko, J.H. Ryu, Effect of the ﬂavonoid, oroxylin A, on transient cere-
bral  hypoperfusion induced memory impairment in mice, Pharmacol. Biochem.
Behav. 85 (2006) 658–668.
39] V.C. De Bortoli, J.H. Zangrossi, S.S. De Guiar, Almeida, A.M. De Oliveira,
Inhibitory avoidance memory retention in the elevated T-maze is impaired
after perivascular manipulation of the common carotid arteries, Life Sci. 18
(2005) 2103–2114.
40] M.  Choy, V. Ganesan, D.L. Thomas, J.S. Thornton, E. Proctor, M.D. King, L. van der
Weerd, D.G. Gadian, M.F.J. Lythgoe, The chronic vascular and haemodynamic
response after permanent bilateral common carotid occlusion in newborn and
adult rats, Cereb. Blood. Flow. Metab. 26 (2006) 1066–1075.
41] W.H. Oldendorf, Trophic changes in the arteries at the base of the rat brain in
response to bilateral common carotid ligation, J. Neuropathol. Exp. Neurol. 48
(1989) 534–547.
42] G.I. De Jong, E. Farkas, J. Plass, J.N. Keijser, J.C. de la Torre, P.G.M. Luiten, Cerebral
hypoperfusion yields capillary damage in hippocampus CA1 that correlates to
spatial memory impairment, Neurosc. 91 (1999) 203–210.
43] N.K. Logothetis, D.L. Sheinberg, Visual object recognition, Annu. Rev. Neurosci.
19  (1996) 577–621.44] M.  Riesenhuber, T. Poggio, Neural mechanisms of object recognition, Curr. Opin.
Neurobiol. 12 (2002) 162–168.
45] J.A. Nunn, H. Hodges, Cognitive deﬁcits induced by global cerebral ischaemia:
relationship to brain damage and reversal by transplants, Behav. Brain Res. 65
(1994) 1–31.
1 arch B
[
[
[
[
[
[16 F. Cechetti et al. / Brain Rese
46]  Z. Xiong, C. Liu, F. Wang, C. Li, W.  Wang, J. Wang, et al., Protective effects of
breviscapine on ischemic vascular dementia in rats, Biol. Pharm. Bull. 29 (2006)
1880–1885.
47] M.  De Butte, T. Fortin, B.A. Pappas, Pinealectomy: behavioral and neuropatho-
logical consequences in a chronic cerebral hypoperfusion model, Neurobiol.
Aging. 23 (2002) 309–317.48] K. Plaschke, M.  Grant, M.A. Weigand, J. Zuchner, E. Martin, H.J. Bardenheuer,
Neuromodulatory effect of propentofylline on rat brain under acute and long-
term hypoperfusion, Br. J. Pharmacol. 133 (2001) 107–116.
49] Y. Murakami, Q. Zhao, K. Harada, M.  Tohda, H. Watanabe, K. Matsumoto,
Chotosan, a Kampo formula, improves chronic cerebral hypoperfusion-induced
[
[ulletin 87 (2012) 109– 116
spatial learning deﬁcit via stimulation of muscarinic M1  receptor, Pharmacol.
Biochem. Behav. 81 (2005) 616–625.
50] J.P. O’Callaghan, K. Sriram, Glial ﬁbrillary acidic protein and related glial pro-
teins as biomarkers of neurotoxicity, Expert. Opin. Drug Saf. 4 (2005) 433–442.
51] H. Beck, K.H. Plate, Angiogenesis after cerebral ischemia, Acta Neuropathol. 117
(2009) 481–496.52] G. Thiel, Synapsin I, synapsin II, and synaptophysin: marker proteins of synaptic
vesicles, Brain Pathol. 3 (1993) 87–95.
53] H. Zhu, J. Zhang, H. Sun, L. Zhang, H. Liu, X. Zeng, Y. Yang, Z. Yao, An enriched
environment reverses the synaptic plasticity deﬁcit induced by chronic cerebral
hypoperfusion, Neurosci. Lett. 502 (2011) 71–75.
